We studied the temperature and chirality dependence of the photoluminescence ͑PL͒ linewidth of single carbon nanotubes to clarify the mechanism of exciton dephasing. The PL linewidth of a single carbon nanotube broadened linearly with increasing temperature, indicating that the linewidth and exciton dephasing are determined through exciton-phonon interactions. From the chirality dependence of the PL linewidth, we concluded that exciton dephasing is caused by both the longitudinal acoustic and twisting phonon modes. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3089843͔
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These optical properties are due to the creation of stable excitons by enhanced Coulomb interactions. [7] [8] [9] The exciton dynamics are dominated by the exciton dephasing and energy relaxation processes, in which the exciton-phonon interactions play an important role. 10 However, the exciton dephasing mechanism in SWNTs is still poorly understood.
Single carbon nanotube photoluminescence ͑PL͒ provides inherent properties of SWNT beyond the ensembleaveraged PL measurements. [11] [12] [13] [14] [15] [16] [17] [18] As the exciton dephasing induced by phonon scattering broadens the linewidths of optical transitions, information on the exciton dephasing mechanism can be obtained directly from the intrinsic spectral linewidth of a single carbon nanotube, free from the inhomogeneous broadening. In this paper, we studied the exciton dephasing using single carbon nanotube PL spectroscopy. The PL linewidth of a single carbon nanotube broadened linearly with temperature, indicating that the linewidth and exciton dephasing were determined by exciton-phonon interactions. From the diameter and chirality dependence of the linewidth, we also investigated the mechanism of the exciton dephasing in detail.
Isolated and suspended SWNTs between the grooves were used as samples. The SWNTs were synthesized on patterned SiO 2 and Si substrates by the alcohol catalytic chemical vapor deposition method. 19 The substrates were patterned with parallel grooves of typical width and depth of 0.5-5 and 0.5-5 m, respectively. Several SWNT samples were prepared with different growth temperatures and times, and single nanotube PL spectroscopy was performed on samples grown at 650-800°C for 10 min. The average density of luminescent SWNTs in the samples was 0.1-1 / m 2 . Single SWNT PL measurements were performed using a custom-built variable temperature confocal microscope. The SWNT samples were mounted on a stage and excited with a He-Ne laser ͑1.959 eV͒ which was focused on the sample surface with a microscope objective ͑numerical aperture 0.5͒. The PL signal from the SWNTs was spectrally dispersed by a 30 cm spectrometer equipped with a liquid-nitrogen ͑LN 2 ͒-cooled InGaAs photodiode array ͑spectral range of 0.78-1.38 eV͒. The spectral resolution of the system was about 1.0 meV. The typical detector accumulation time was 30 s. Figure 1͑a͒ shows the temperature dependence of the PL spectra of a single SWNT from 40 to 297 K. The SWNT has a chiral index of ͑9, 8͒, based on the emission energies rea͒ Electronic mail: matsuda@scl.kyoto-u.ac.jp. ported in Refs. 20 and 21. We confirmed that the PL spectra come from a single carbon nanotube by PL images ͑not shown here͒. 14, 15 The PL spectral shape can be approximately fitted by a single Lorentzian function. The linewidths ͑full width at half maximum͒ ͑FWHM͒ of the Lorentzian functions are almost dominated by the exciton dephasing time due to exciton-phonon interactions because the exciton lifetime is longer than 30 ps, and the contribution to the linewidth from the exciton lifetime is negligibly small. 22 From the homogeneous linewidth, we calculated the exciton dephasing time at room temperature at about 120 fs for ͑9, 8͒ nanotubes. The order of the experimentally obtained dephasing time is almost consistent with the ab initio calculation. 10 The PL spectra become narrower when the temperature decreases, as shown in Fig. 1͑a͒ . The linewidth of a single SWNT corresponding to a homogeneous linewidth is plotted as a function of temperature in Fig. 1͑b͒ . The temperature dependence of the homogeneous linewidth is usually described as 23, 24 
where ⌫ 0 is the residual linewidth at T = 0 K including the instrumental spectral resolution, and ប is the energy of the high frequency phonon modes in SWNTs, such as the radial breathing mode ͑RBM͒ and averaged phonon mode discussed in Ref. 25 . The coefficients A and B are excitonphonon coupling constants for low-and high-frequency modes, respectively. The solid line in Fig. 1͑b͒ shows the linewidth fitted using Eq. ͑1͒. The temperature dependence of the homogeneous linewidth shows an almost linear behavior over a wide temperature range. The value of A obtained for the ͑9, 8͒ nanotube is 0.020 meV/K. The contribution of the high-frequency modes to the linewidth broadening is much smaller than that of the low-frequency acoustic phonon mode and is negligibly small. We obtained the PL spectra at 300 K from more than 200 different isolated SWNTs with a variety of chiral indices. The chiral index assignment for each PL spectrum is based on the emission energy data. 20, 21 The homogeneous linewidth as a function of the nanotube diameter d from the PL spectra of single carbon nanotubes ͑solid circles͒ is shown in Fig.  2͑a͒ . The smallest values are plotted as the intrinsic linewidth for nanotubes with the same chiral index, because the extrinsic factors ͑defects, impurities, and so on͒ cause broadening to the residual linewidth ⌫ 0 . The PL linewidth at 300 K clearly increases broader as the diameter decreases.
The exciton-phonon coupling constant A for low energy phonon modes is plotted in Fig. 2͑b͒ . The diameter dependence of A is well consistent with that of the homogeneous linewidth at 300 K in Fig. 2͑a͒ . These results indicate that the diameter dependence of the PL linewidth observed at 300 K is not due to the residual linewidth ⌫ 0 and the nonlinear temperature term in Eq. ͑1͒, which is caused by highfrequency modes such as the RBM and averaged phonon mode ͓see Fig. 1͑b͔͒ . From the diameter dependence of the homogeneous linewidth and the exciton-phonon coupling constant A, it can be seen that the exciton-phonon interaction is stronger and the exciton dephasing time shorter in tubes of smaller diameter. Figure 3 shows the chirality dependence of the homogeneous linewidth at 300 K and the exciton-phonon coupling constant A. The data are plotted for SWNTs of around 1.0 nm in diameter ͑within the range of 0.9-1.2 nm͒. Both the homogeneous linewidth and the exciton-phonon coupling constant are almost constant, and neither show the clear chiral angle dependence. However, there is the scattering of the data due to the diameter dependence, as discussed below.
We will discuss the mechanism of the exciton dephasing from the diameter and chirality dependence of the excitonphonon coupling ͑homogeneous linewidth͒ in detail. Here we refer the discussion on the electron-phonon interaction, because there have been no detailed quantitative theoretical studies of exciton-phonon interactions. As described in Ref. 26 , the diameter and chirality dependence of the excitonphonon interactions show a similar tendency to the electronphonon interactions. The exciton ͑electron͒-phonon coupling constant using the reduced exciton ͑electron͒-phonon matrix element may be written as follows: 27, 28 A ϰ
where M 0 is the exciton effective mass, E is the exciton energy, and g j is the reduced matrix-element of the exciton- phonon interaction. As both M 0 and E are inversely proportional to the diameter d, the exciton-phonon coupling in Eq. ͑2͒ has 1 / d dependence. The diameter dependence ͑A ϰ 1 / d͒ arises from the specific characteristics of the excitonphonon interaction in 1D carbon nanotubes. The linear temperature dependence of the linewidth noted above suggests that the phonon modes that contribute to the linewidth broadening are low-energy acoustic modes, such as twisting ͑TW͒ and longitudinal acoustic ͑LA͒. The chirality dependences of the predicted reduced exciton ͑electron͒-phonon matrix elements for TW and LA phonon modes are described by g TW ϰ cos 3 and g LA ϰ 0.81 sin 3, respectively. 28 Using the reduced matrix-elements, we calculated the diameter dependence of the exciton-phonon coupling constant from Eq. ͑2͒. The results are indicated by the solid line in Fig. 2͑b͒ . The calculated diameter dependence of the homogeneous linewidth from Eqs. ͑1͒ and ͑2͒ is also shown in Fig. 2͑a͒ ͑solid line͒. We assumed that the residual linewidths are constant ͑2.0 meV͒ in the theoretically calculated curve, because they are almost constantly independent of the diameter, and the variation of the values is small ͑within ϳ1 meV͒ for each single nanotube we observed. Both theoretical calculated lines in Figs. 2͑a͒ and 2͑b͒ agrees closely with the experimental results. Figure 3 also shows the calculated chirality dependence of the exciton-phonon coupling constant ͑homogeneous linewidth͒ for SWNTs of around 1 nm in diameter, indicated by the solid line. The contributions of the two phonon modes LA and TW as dashed and dotted lines, respectively. The calculated result indicated by the solid line is in agreement with the experimental results of the chirality dependence of the exciton-phonon coupling constant ͑homogeneous linewidth͒. In the small ͑large͒ chiral angle nanotubes, the TW ͑LA͒ mainly contributes to the exciton-phonon coupling constant ͑homogeneous linewidth͒. These observations indicate that both the LA and TA modes contribute to the exciton dephasing for carbon nanotubes.
In conclusion, we studied the mechanism of exciton dephasing in SWNTs using single carbon nanotube PL spectroscopy. The PL linewidth of a single carbon nanotube broadened linearly with temperature, indicating that the linewidth was determined by the exciton-acoustic phonon dephasing process. The experimental and theoretical calculations of the chirality dependence of the homogeneous linewidths indicated that the exciton dephasing is caused by both the LA and TW phonon modes
